Efficient blue electroluminescence peak at around 440 nm with a maximum output power density of 34 mW/ cm 2 was obtained from Ce and Gd coimplanted metal-oxide-semiconductor light emitting devices. Energy transfer from Gd 3+ to Ce 3+ ions was observed during the excitation process, leading to a more than threefold increase of the external quantum efficiency of the blue Ce 3+ luminescence up to 1.8%. This is evidenced by the increase of the excitation cross section of Ce 3+ ions from 4.8ϫ 10 −13 to 3.5ϫ 10 3 However, the observed quantum efficiency is usually still not so high ͑ϳ0.5% ͒ due to the susceptibility of the 5d states of Ce 3+ ions ͑which are more extended than the 4f states͒ to the host lattice environment, which implies a strong phonon coupling and larger linewidths. Ce 3+ plays an exceptional role among the rare-earth ions, since it has no intra-4f transitions in the visible; it is rather the interconfigurational 5d-4f transition that occurs in the blue ͑or UV, depending on the host material͒. In contrast to the intra-4f transitions which are dipole forbidden and thus exhibit a long ͑millisec-onds͒ lifetime, the 5d-4f transition is dipole allowed with a much shorter radiative lifetime, which is an important feature for fast modulation speed in optical devices and in scintillators. In this letter we demonstrate that the blue EL efficiency from Ce 3+ ions increases from 0.5% to 1.8% after coimplantation of Gd 3+ ions in SiO 2 layers. The changes of the luminescence decay time and excitation cross sections of Ce 3+ and Gd 3+ with energy transfer are investigated in detail. Samples were prepared by silicon MOS technology on 4 in. ͑001͒ oriented n-type silicon wafer with a resistivity of 2-5 ⍀ cm. The structures were fabricated by local oxidation of silicon with gate oxide and a field oxide thickness of 1 m. The active layer in the gate oxide is a 100 nm thick thermally grown SiO 2 layer. The whole wafer was implanted with Ce + ions at 100 keV, which generates a Ce profile with a maximum concentration of 1% at 46 nm below the surface of the SiO 2 layer, then three quarters of the wafer were implanted with the same energy of Gd + ions at different concentrations of 0.5%, 1.5%, and 3.0%, leaving one quarter with Ce + implantation only. Reference samples implanted with Gd + ions only were also prepared with the same implantation energy and concentrations. The implantation was followed by furnace annealing at 900°C in flowing N 2 for 30 min, and then a 50 nm SiON layer was deposited on the active layer by plasma-enhanced chemical vapor deposition followed by another annealing step. Finally, the gate electrode consisting of a 100 nm transparent indium tin oxide layer was deposited by rf sputtering.
Efficient blue electroluminescence peak at around 440 nm with a maximum output power density of 34 mW/ cm 2 was obtained from Ce and Gd coimplanted metal-oxide-semiconductor light emitting devices. Energy transfer from Gd 3+ to Ce 3+ ions was observed during the excitation process, leading to a more than threefold increase of the external quantum efficiency of the blue Ce 3+ luminescence up to 1.8%. This is evidenced by the increase of the excitation cross section of Ce 3+ ions from 4.8ϫ 10 −13 to 3.5ϫ 10 −12 cm 2 3 However, the observed quantum efficiency is usually still not so high ͑ϳ0.5% ͒ due to the susceptibility of the 5d states of Ce 3+ ions ͑which are more extended than the 4f states͒ to the host lattice environment, which implies a strong phonon coupling and larger linewidths. Ce 3+ plays an exceptional role among the rare-earth ions, since it has no intra-4f transitions in the visible; it is rather the interconfigurational 5d-4f transition that occurs in the blue ͑or UV, depending on the host material͒. In contrast to the intra-4f transitions which are dipole forbidden and thus exhibit a long ͑millisec-onds͒ lifetime, the 5d-4f transition is dipole allowed with a much shorter radiative lifetime, which is an important feature for fast modulation speed in optical devices and in scintillators. In this letter we demonstrate that the blue EL efficiency from Ce 3+ ions increases from 0.5% to 1.8% after coimplantation of Gd 3+ ions in SiO 2 layers. The changes of the luminescence decay time and excitation cross sections of Ce 3+ and Gd 3+ with energy transfer are investigated in detail. Samples were prepared by silicon MOS technology on 4 in. ͑001͒ oriented n-type silicon wafer with a resistivity of 2-5 ⍀ cm. The structures were fabricated by local oxidation of silicon with gate oxide and a field oxide thickness of 1 m. The active layer in the gate oxide is a 100 nm thick thermally grown SiO 2 layer. The whole wafer was implanted with Ce + ions at 100 keV, which generates a Ce profile with a maximum concentration of 1% at 46 nm below the surface of the SiO 2 layer, then three quarters of the wafer were implanted with the same energy of Gd + ions at different concentrations of 0.5%, 1.5%, and 3.0%, leaving one quarter with Ce + implantation only. Reference samples implanted with Gd + ions only were also prepared with the same implantation energy and concentrations. The implantation was followed by furnace annealing at 900°C in flowing N 2 for 30 min, and then a 50 nm SiON layer was deposited on the active layer by plasma-enhanced chemical vapor deposition followed by another annealing step. Finally, the gate electrode consisting of a 100 nm transparent indium tin oxide layer was deposited by rf sputtering.
EL spectra of the MOSLED structures with a circular indium tin oxide electrode of 500 m diameter were measured at a constant current of 30 A. Details of the experimental setup were described in Ref. 1 . PL and PL excitation spectra were also measured with the same system using a 75 W xenon lamp as an ultraviolet light source. The decay time of the EL was measured with a multichannel scaler ͑Stanford Research System SR430, minimum time resolution: 5 ns͒ after the excitation with 2 s voltage pulses. Figure 1 shows the EL spectra from the MOSLEDs measured on different areas of one wafer with a Ce concentration of 1% and different concentrations of Gd ions of 0.5%, 1.5%, and 3%. The average electric field in the SiO 2 layers was around 8.5 MV/ cm. The spectrum from a reference sample implanted with 1.5% Gd only was also measured for coma͒ Author to whom correspondence should be addressed; electronic mail: jmsun1968@yahoo.com.cn FIG. 1. EL spectra from MOSLEDs with a 100 nm SiO 2 layer implanted with the same Ce concentration of 1% and different concentrations of Gd sensitizers of 0.5%, 1.5%, and 3%, measured on different parts of one wafer. The spectra from a reference sample implanted with 1.5% Gd only were also measured for comparison.
parison. All devices implanted with 1% of Ce show a broad peak at 440 nm resulting from the 4f 0 5d 1 to 2 F 7/2 and 2 F 5/2 transitions of the Ce 3+ ions in SiO 2 , which is similar to the PL spectra of Ce-doped Gd 2 SiO 5 crystals. 4, 5 The EL spectra from Gd implanted samples show a sharp UV peak from 6 P 7/2 to 8 S 7/2 transitions of Gd 3+ ions. 2, 6 The blue EL peak from the Ce 3+ ions increases more than three times upon increasing the coimplanted Gd concentration up to 3% compared to the sample implanted with Ce only. At the same time, the UV peak from Gd 3+ ions is reduced by more than one order of magnitude in the Ce and Gd coimplanted samples compared to the reference sample only implanted with 1.5% Gd. This already indicates an energy transfer from Gd 3+ to Ce 3+ ions. Figure 2 shows the integrated EL output power density of the UV emission from Gd 3+ and the blue emission from Ce 3+ versus the injected current density of three samples implanted with 1.5% Gd, 1% Ce +1.5% Gd, and 1% Ce. Over the whole range, the EL power density of the 440 nm blue peak from Ce 3+ ions ͑solid triangles͒ is higher compared to the one without Gd + implantation ͑hollow triangles͒. The external quantum efficiency of the blue EL increases from 0.5% to 1.8% with increasing the coimplanted Gd concentration up to 3% ͑as shown in the insert͒, while the UV peak of Gd 3+ ions from the sample coimplanted with 1% Ce is quenched by one order of magnitude compared to the sample implanted with 1.5% Gd only. At low current density, the EL power from both blue and UV peaks increases linearly with increasing injection current density, then the UV peak saturates, while the blue peak still increases further. As a result the blue emission shows a much higher maximum EL power density of ϳ34 mW/ cm 2 than the UV emission ͑2 mW/cm 2 ͒. The energy transfer process is evidenced by the time resolved measurements. Figure 3 shows the normalized decay curves of the EL from the blue and the UV peaks after a 2 s current-pulse injection. The inset shows the decay time ͑determined as the time at 1/e of the initial intensity͒. For the samples only implanted with Gd at concentrations of 0.5%, 1.5%, and 3%, the decay curve at 316 nm shows a nearly single exponential decay with the decay time slightly increasing from 1.43 to 1.66 ms. This is probably due to a reduction of the nonradiative recombination by filling of the vacancies in SiO 2 with rare-earth atoms. When these samples are coimplanted with 1% additional Ce, the decay time of the Gd 3+ line drops down to the range of 280-400 s, but still shows a slight increase with Gd concentration.
For the blue Ce 3+ peak at 440 nm in the Gd coimplanted samples, the decay process is similar to the behavior of the blue luminescence of Gd 2 SiO 5 : Ce scintillator excited by UV light or ␥ rays. 7 It consists of a fast and an unusual, slower component with the decay times 1 and 2 . The fast process with a decay time of 1 =75 ns ͑not discernible in the main picture; see inset͒ is determined for the sample implanted with 1% Ce only. This fast decay component can be attributed to 5d-4f transitions of the directly excited Ce 3+ ions by hot electrons and is similar to the lifetime of the Ce 3+ luminescence in other host materials. 4 The decay time 1 drops down to 60 ns followed by an increase of a slow component with increasing the coimplanted Gd concentration. This slow component 2 increases form 70 to 110 s for Gd concentrations of 0.5%-3%, following the same tendency as the UV Gd 3+ line. Therefore the slow decay is probably related to an indirect excitation by energy transfer from the Gd 3+ to the Ce 3+ ions. 4 This additional energy transfer mechanism increases the total relaxation rate of the electrons at the excited states of Gd 3+ ions, and so explain the drop of the decay time of the band at 316 nm ͑squares and circles in the insert͒. Due to the still relatively long lifetime of the excited state of Gd 3+ , the Ce 3+ ions are populated in a delayed way, thus a long decay component is observed for the 440 nm blue band.
The product of the excitation cross section and the overall lifetime is evaluated by fitting the dependence of EL intensity versus injection current density for the blue and UV peaks from the Ce 3+ and Gd 3+ ions, 8 respectively. The excitation cross sections of the EL from Gd 3+ ions were calcu-FIG. 2. EL output power density of the UV peak from Gd 3+ ions at 316 nm ͑squares͒ and the blue peak from Ce 3+ at 440 nm ͑triangles͒ vs the injected current density of three samples implanted with 1.5% Gd ͑hollow squares͒, 1% Ce+ 1.5% Gd ͑solid symbols͒, and 1% Ce ͑hollow triangles͒. The insert is the quantum efficiency of the blue EL peak from Ce 3+ ions with different concentrations of Gd sensitizers.
FIG. 3.
Normalized EL decay curves of the blue peak at 440 nm from Ce 3+ ions and the UV peak at 316 nm from Gd 3+ ions after a 2 s current-pulse injection. Samples are implanted with a Ce concentration of 1% only and coimplanted with different concentrations of Gd sensitizers of 0.5%, 1.5%, and 3%. The reference samples are implanted with Gd only at concentrations of 0.5%, 1.5%, and 3%. The insert shows the decay time ͑determined as the time at 1 / e of the initial intensity͒ of the Gd 3+ UV line at 316 nm as well as the decay times of the fast component 1 Fig. 4 . The excitation spectrum of blue Ce 3+ peak shows a maximum at around 300-310 nm, which overlaps with the 6 P 7/2 to 8 S 7/2 transition of Gd 3+ ions. This provides a resonant energy transfer from 6 P j states of Gd 3+ to the 5d levels of Ce 3+ ions. In addition, we also investigated the microstructure of the samples containing 1.5% Gd after annealing at different temperatures from 800 to 1000°C. We found that the implanted rare-earth atoms experienced a preclustering state with small rare-earthrich clusters of the size of 2 -5 nm after annealing at 900°C for 1 h. 8 This spatial vicinity may increase the possibility of energy transfer from the Gd to the Ce ions. Finally, we propose a transfer mechanism of excitation energy to Ce 3+ in the Gd coimplanted MOSLEDs. Under high-electric-field injection, hot electrons in the conduction band of SiO 2 gain an average energy above 4 -5 eV by electric-field acceleration. 9 The electrons in the ground state 8 S 7/2 of the Gd 3+ ions are excited to 6 P J energy levels by the hot electrons. Since the transition energy of the 6 P J − 8 S 7/2 transition overlaps with the 5d excitation band of Ce 3+ ions and due to the relatively long life time of the former, this resonant energy transfer from the 6 P 7/2 Gd 3+ level to the 5d Ce 3+ level may efficiently increase the excitation of the blue luminescence band.
In summary, an increase of blue EL has been obtained from Ce and Gd coimplanted indium tin oxide/ SiO 2 : Gd: Ce/ Si MOSLEDs. An efficient, resonant energy transfer from Gd 3+ to Ce 3+ ions was observed during the EL excitation process in the SiO 2 layers, which leads to an increase of the excitation cross section of the blue Ce 3+ luminescent ions.
FIG. 4. PL excitation spectrum of Ce
3+ ions monitored at 440 nm and PL emission spectrum of Gd 3+ ions, measured on the same sample ͑coimplanted with 1% Ce and 1.5% Gd͒.
